The purpose of this study is to identify the failure cause of the steel seal ring used in nuclear steam turbines. New high nickel steel alloy seal ring was compared with the failed seal ring. Metallographic analysis, scanning electron microscopy, nanoindentation and in-situ tensile testing were used to analyze the reasons of the seal ring failure at both macroscopic and microscopic scales. The main reason of the seal ring failure is a combination of stress and elevated temperature during turbine operation. Complex work environment caused recrystallization and recovery, resulting in grain refinement and secondary phases precipitation. Many secondary phase precipitates appeared at grain boundaries during use, causing formation of microvoids and cracks, ultimately leading to ring failure.
Introduction
Seal ring is one of the important parts of power steam turbines, which is an elastic metal ring operating on the principle of outward expansion. Gas or liquid pressure is needed to form a good seal, as shown schematically in Fig. 1 [1] . The seal ring performance directly affects the safety and proper operation of the whole steam turbine unit. During operation, seal ring can be damaged due to long-term cyclic deformation, finally causing leakage. This article describes examples of the failure of the seal ring used in nuclear power turbines. The seal ring is made from the high nickel alloy steel, grade GH163 (YB/T 5351-2006 Chinese standard) [2] . The ring failure was manifested by high-frequency metal noise coming from the working nuclear power turbine. When the used free-standing seal ring was hit, similar crisp metal sound could be heard. Inspection revealed insufficient tension of the seal ring, associated with an incomplete seal. Designed opening gap length of the seal ring is 30-40 mm in the free state. Measured opening gap length of the used upper seal ring was 24 mm and the lower seal ring was 16 mm. As a result, the seal rings could not form a complete seal, causing leakage.
This study was commissioned to identify factors causing the seal ring failure. The seal ring failure was characterized using a series of experiments conducted at both macroscopic and microscopic scales. The same tests and characterization conducted with the new ring helped to analyze the failure mechanisms.
Methodology
Specimens were cut from the new and failed seal rings (Fig. 2) , grinded with emery paper to 2000 grade and polished. In order to observe the microstructure, specimens were etched in mixed acid glycerin solution (HCl:C 3 H 8 O 3 :HNO 3 = 3:3:1 ratio) for 20 s [3] .
Macroscopic ring dimensions were measured using calipers. Hardness and elastic modulus of the seal ring material were measured using nanoindentation. Specimens' microstructure, along with crack initiation and propagation were investigated by means of optical microscopy, scanning electron microscopy (SEM) equipped with energy-dispersive spectrometer (EDS) and in-situ SEM tensile testing (Camscan 3400).
Results and discussion

Macroscopic dimensions examination
Macroscopic and microscopic analyses were used to identify material failure. Table 1 lists measured diameter, width, opening gap length and gap lateral displacement of the failed and the new seal rings, shown in Fig. 3 . While there are no obvious differences in the rings diameter, the opening gap length of the failed ring is larger, along with the gap lateral displacement. Thus, it is apparent that the used rings have undergone macroscopic plastic deformation, contributing to seal ring failure. 
Relationship between the opening gap length and the applied load
The opening gap length of the seal ring was measured at different externally applied loads, shown schematically in Fig. 4 , listed in Table 2 . Based on the collected data, the relationships between the opening gap length and the applied load are shown in Fig. 5 for the used and new seal rings. It is clearly seen that the used rings are less stiff compared with the new ring. The stiffness change with use can be explained by the reduced ring width due to wear. The used rings were taken from the same failed turbine, which explains why both used rings have the same stiffness, and supports the argument that the change in the ring stiffness was due to wear.
Elastic modulus, hardness and bulk chemical composition
After grinding and polishing the specimens, the hardness and elastic modulus of the new and used seal ring materials were measured by nanoindentation. The results are presented in Tables 3 and 4 . The elastic modulus and hardness of the new seal ring material are higher than the used one. The seal ring working environment is complex. The working pressure is 4.5-5.5 MPa and the temperature is 523-573 K. Hardness decrease with use can be explained by the recovery and recrystallization Here, U1 means used ring 1; U2 is used ring 2, and N is the new unused ring.
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Relationships between the opening gap length and the externally applied load. processes of the ring material at the microscopic scale. Bulk chemical composition of the new and used rings is listed in Table 5 .
There are no significant differences in chemical composition, so the reduction of the elastic modulus and hardness can be explained by the microstructure changes with use due to recovery, recrystallization and secondary phases precipitation. Used seal ring had been in service for 5 years under complex working environment. It is reasonable to assume that the used seal ring material was subjected to aging creep, i.e. over-aging, since long-term service and aging can cause significant hardness decrease [4] . During the nanoindentation test, the four points on the surface were randomly selected. The hardness of FCC nickel material at the nano-scale is significantly affected by crystallographic surfaces with different orientations. The hardness value of the (100) substrate is the greatest and the hardness values of the (111) substrate is the smallest. The reason is because the (100) substrate has only one slip angle of the {111} sliding planes and the (111) substrate has three slip angles, respectively, during nanoindentation, resulting in the (100) substrate having lower ability for plastic deformation, ultimately causing higher hardness value.
The used seal ring has been plastically deformed, resulting in stored strain energy. Also, there are many precipitates at grain boundaries. Both of these reasons can lead to lower hardness. Obtained experimental harness values are within a reasonable range [5] .
Metallographic, SEM and EDS analyses
Different surfaces of the seal ring were observed using optical microscopy and there were no obvious differences between the cross section, front and back surfaces, thus the back surface was used for microstructure comparisons. Fig. 6 shows optical images of the new and used rings back surface. Austenite grains can be clearly seen in both used and new rings, however, the new ring grain size in Fig. 6(a) is larger than the used ring in Fig. 6(b) . The new seal ring average grain size is about 206 μm, while the average grain size of the used seal ring is 62 μm. The used seal ring has undergone serious grain refinement. Additionally, many precipitates can be observed at grain boundaries of the used ring in Fig. 6(b) , opposite to the new ring in Fig. 6(a) . Thus, it is reasonable to assume that the secondary phase precipitation occurred in the used rings along the grain boundaries, which is not present in the new ring. Compared with the new seal ring, the used seal ring material had many precipitates and more serious erosion of the grain boundaries due to the etching solution.
Regardless of the fact that the used steel ring grain size is significantly smaller than the new one, the used ring has lower hardness. It is reasonable to assume that the secondary phase precipitation occurred in the used rings, accompanied by high dislocation density due to use. While the operating temperature of 523-573 K is below steel recrystallization temperature [6] , recovery affected the performance of the used seal ring. Because of the low operating temperature, atomic diffusion capacity is weak. However, the ring is also mechanically loaded during use, providing additional energy for dynamic recovery and recrystallization [7] .
High nickel alloy steel material of the seal ring is austenitic steel with low stacking fault energy. Dynamic recovery is very slow because it is difficult for extended dislocations to escape from the dislocation network, and it is also difficult for dislocations to move by sliding and climbing. At the same time, high dislocation density in the sub-structure and the remaining energy can cause recrystallization. Thus, dynamic recovery and dynamic recrystallization soften the used seal ring material, as demonstrated by the hardness measurements [8, 9] . SEM micrograph, elemental maps and EDS analysis of the used seal ring are presented in Fig. 7 to analyze the precipitates composition. Combined elements map is shown in Fig. 7(b) , while individual elemental maps for Si, Fe, Cr, Ni, Ti and Mo are shown in Fig. 7(c) . From the individual element maps it is clear that the precipitates composition is complex. EDS analysis results of points 1 and 2 in Fig. 7 (a) are listed in Table 6 , showing increased Ti and Mo concentrations. Moreover, the content of Ni, Si, Ti and Mo is higher in the precipitates regions along the grain boundaries, as seen in the combined and individual element maps in Fig. 7(b) and (c). Unlike the used ring, no precipitation along the grain boundaries was observed in the new ring material. Table 7 lists elemental composition results of the new ring material obtained by EDS.
Compared with the used seal ring, there is much more Ni in the new seal ring steel. At the same time, Nb and Al can be found in the new seal ring material, which were not present in the used ring. Adding alloying elements, such as Al, Ti and Nb, to high nickel alloy steel, results in precipitation strengthening, producing secondary phase, while controlling over-saturated solid solution [10] . This is mainly based on the Ni 3 Al intermetallic compound, called the γ phase. Al hardens high nickel alloy steel. However, the γ phase has higher solid solubility for Ti and Nb. Thus, adding them can reduce the effects of Al. Moreover, Nb can decrease the aging rate [11] [12] [13] [14] [15] .
The seal ring maximum working temperature is around 573 K, which is not high enough to cause complete recrystallization. Thus, the mechanical stress of 4.5-5.5 MPa during operation needs to be considered. Combination of stress and temperature causes the seal ring failure. As a final step to identify the cause of the ring failure, in-situ qualitative tensile test was conducted in SEM with new and used ring materials.
In-situ SEM tensile test
Identical tensile specimens, 22 mm long and 1 mm thick were cut from the used and new seal ring materials. In-situ tensile test and observation of the specimen surface proved that the grain boundaries are the weakest areas of the used seal ring material. During the tensile test, the specimens of seal ring transitioned from elastic to plastic deformation. Consistent with the nanoindentation hardness measurements, the yield stress of the used ring material was lower than the new ring material. Dislocations, fine-grain and precipitation could contribute to the lower used seal ring's yield strength. The precipitation can also contribute to the yield strength. The mechanism can be explained by the interaction between particles and dislocations [16] . Surface morphology of the used and new ring materials during the in-situ tensile tests is shown in Fig. 8 .
Microvoids first appeared at the precipitates along the grain boundaries of the used ring material. Then microvoids aggregated, finally forming microcracks in Fig. 8(a) . No such phenomena were observed in the new seal ring material in Fig. 8(b) , where only grain boundaries can be seen without voids or cracks during the in-situ SEM tensile test. Therefore, precipitates are the main reason causing the seal ring failure and the grain boundaries are the weakest areas in the used seal ring. Microvoids aggregation eventually caused the formation of macroscopic cracks, leading to seal ring material failure.
Conclusions
Seal ring complex work environment, including temperature and stress, shows that the used seal ring lost its ability to form a complete seal, resulting in leakage and failure. Used seal ring obviously appears plastically deformed. Dynamic recrystallization of the used ring material caused grain refinement, which was reflected by reduced hardness. At the same time, precipitates appeared along the grain boundaries, leading to ring failure by forming cracks along the grain boundaries. The effects of precipitation contributed to grain refinement. Ti and Mo precipitates reduced the stacking fault energy, promoting dynamic recrystallization. 
